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Abstract. Strawberries (Fragaria sp.) are small perennial plants capable of both sexual reproduction 
through seeds and clonal reproduction via runners. Because vegetative and generative developmental 
programs are tightly connected, the control of flowering is presented here in the context of the yearly 
growth cycle. The rosette crown of strawberry consists of a stem with short internodes produced from 
the apical meristem. Each node harbors one trifoliate leaf and an axillary bud. The fate of axillary 
buds is dictated by environmental conditions; high temperatures and long days (LDs) promote axillary 
bud development into runners, whereas cool temperature and short days (SDs) favor the formation of 
branch crowns. SDs and cool temperature also promote flowering; under these conditions, the main 
shoot apical meristem is converted into a terminal inflorescence, and vegetative growth is continued 
from the uppermost axillary branch crown. The environmental factors that regulate vegetative and 
generative development in strawberries have been reasonably well characterised, and are reviewed in 
the first two chapters. The genetic basis of the physiological responses in strawberries is much less 
clear. To provide a point of reference for the flowering pathways described in strawberries so far, a 
short review on the molecular mechanisms controlling flowering in the model plant Arabidopsis is 
given. The last two chapters will then describe the current knowledge on the molecular mechanisms 
controlling the physiological responses in strawberries. 
 
1.1 The yearly growth cycle 
Strawberries are small perennial plants that reproduce both sexually through seeds and clonally via 
runners. Strawberry stem is called rosette crown that consists of short internodes produced from the 
apical meristem. Each node harbors one trifoliate leaf and an axillary bud. Axillary buds may develop 
into runners, which are elongated stems with two long internodes followed by a daughter plant, into 
axillary leaf rosettes called branch crowns, or remain dormant. The apical meristem may keep on 
producing new nodes or develop into a cymose inflorescence. When the apical meristem turns into 
an inflorescence meristem, the uppermost axillary bud develops into a branch crown that sustains 
vegetative growth in a sympodial fashion (Figure 1.1.1; Darrow 1966). 
The fate of the apical and axillary meristems is dictated by seasonal changes in photoperiod and 
temperature. During the summer months, strawberries grow vegetatively and axillary buds 
differentiate into runners. In autumn, axillary buds develop into branch crowns instead of runners, 
and the apical meristems of the main crown and bigger branch crowns form terminal inflorescences. 
Short days (SDs) in autumn also cause an overall halt in vegetative development, and the plants enter 
a state of semi-dormancy characterised by shorter petiole length and stunted growth (Sønsteby and 
Heide 2011). Winter chilling is needed to break this dormant state, and in the following spring, 
inflorescences initiated the preceding autumn complete their development, and the next seasonal 
cycle follows (Figure 1.1.1; Darrow 1966). 
    The seasonal growth cycle described above holds true for both the diploid woodland strawberry 
Fragaria vesca (L.), and its cultivated octoploid relative Fragaria × ananassa (Duch.), although 
exceptional environmental responses have been described in both species (Chapter 1.2). In both 
species, flowering is induced in SDs at cool to medium temperatures, and inhibited by long days 
(LDs) and high temperature. Because of the close resemblance of physiological responses, it has long 
been speculated that the molecular regulatory networks controlling environmental responses may be 
similar in the two species (e.g. Battey et al. 1998). Indeed, this view recently gained empirical 
evidence when Koskela et al. (2016) showed that some of the core genes involved in photoperiod and 
temperature regulated flowering responses function similarly in the two strawberry species. Due to 
these similarities, it is feasible to present findings on diploid and octoploid strawberry physiology and 
molecular pathways side-by-side. In some cases, this is also necessary, as physiological responses 
have been examined at a greater depth in octoploid than in diploid strawberries, while molecular 
studies into flowering regulation have mostly focused on the diploid F. vesca. 
 
 
    
Figure 1.1.1. Plant structure and typical seasonal growth cycle of strawberries grown in temperate zone. During the summer months, 
strawberries grow vegetatively and axillary buds produce runners, whereas in autumn, young axillary buds differentiate into branch 
crowns. Floral induction occurs in autumn, and apical meristems of main and branch crowns develop into inflorescence meristems. 
Inflorescence development is completed in the following spring and summer when plants flower and produce fruits. The axillary buds 
that were too young to be induced to flower the preceding autumn (highlighted with black rectangles) grow out as new branch crowns,  
thus completing the perennial life cycle. 
 
To understand flowering, i.e. generative development, it is important to comprehend vegetative 
development. These two processes are often interrelated; for instance, the number of flowering-
competent apical meristems in strawberry depends on the number and age of branch crowns on the 
plant, and the timing of branch crown formation (Hytönen et al. 2004). Because of the 
interdependency between vegetative and generative development, this review aims to give a thorough 
picture of the effects that the seasonally changing environment imposes on the yearly growth cycle 
of strawberries. The latter chapters will then describe the current knowledge on the molecular 
mechanisms controlling these physiological responses. 
 
1.1.1 Summer 
Long days and high temperature during summer promote vegetative development, i.e. the 
differentiation of axillary buds into runners. Vegetative vigor is also manifested by increased petiole 
length (Sønsteby and Nes 1998; Heide and Sønsteby 2007). The wild diploid strawberry accessions 
studied to date stay in the vegetative stage when the daylength exceeds 16–17 hours (Heide and 
Sønsteby 2007). However, the studied accessions originate from Norway, where the days are very 
long during summer. It is quite likely that more Southern accessions continue vegetative development 
under shorter photoperiods. 
    High temperatures of above 17–20°C are considered optimal for runner production (Battey et al. 
1998). Indeed, when diploid strawberry is subjected to cool temperature (11°C), runner production 
ceases within a few weeks (Figure 1.1.1.1). Also in cultivated strawberry, 16-hour photoperiod and 
temperatures above 18 to 24°C enhance both runner formation and petiole elongation (Heide 1977; 
Bradford et al., 2010), although different cultivars may exhibit significant differences both in their 
overall runnering capacity and in their responses to photoperiod (Sønsteby and Nes 1998). On the 
other hand, SDs strongly suppress runner formation in most studied octoploid strawberry cultivars 
and also in the octoploid progenitor species F. virginiana and F. chiloensis (Serçe and Hancock 2005; 




Figure 1.1.1.1. Average cumulative number of runners at different temperatures. Runner-propagated plants of seasonal flowering F. 
vesca were grown in LDs at either 11C or 18C for five weeks. Error bars denote the standard error of the mean (n =16 and 10 for 
11C and 18C treatments, respectively). 
  
1.1.2 Autumn 
As the days get shorter and temperature lower towards autumn, runner formation ceases and the 
uppermost axillary buds develop into branch crowns. A prolonged exposure to SDs and/or cool 
temperature induces flowering, and the shoot apical meristem develops into an inflorescence 
meristem. Also the apical meristems of the oldest branch crowns may form inflorescences, while the 
younger branch crowns remain vegetative and continue the typical life cycle of a perennial plant 
during the next growing season (Hytönen et al. 2004; Albani and Coupland 2011). 
    In the diploid strawberry, flower induction is triggered by integration of photoperiodic and 
temperature signals. Temperature is perhaps the more important factor, as it sets the limits for 
photoperiod-induced flowering. In most F. vesca accessions, high temperature (>21°C) inhibits 
flowering under all photoperiods, whereas cool temperature (10°C) induces flowering photoperiod-
independently. At intermediate temperatures (13–18°C), flowering is promoted by SD conditions 
(Heide and Sønsteby, 2007; Rantanen et al. 2015). Because of the strong interaction between 
temperature and photoperiod, the critical photoperiod for flower induction varies depending on 
temperature. At 15°C, the critical photoperiod is between 16 to 17 hours, whereas at 18°C 
photoperiods shorter than 16 hours are required to induce flowering (Heide and Sønsteby 2007; 
Rantanen et al. 2015). The wild strawberry accessions studied so far require at least four weeks of 
inductive light conditions for floral induction, with a longer exposure resulting in more rapid 
flowering (Heide and Sønsteby 2007). However, our results indicate that flower induction occurs 
earlier at cool temperatures (E. Koskela, T. Tuomainen and T. Hytönen, unpublished).   
    Seasonally flowering octoploid strawberry cultivars show a similar trend in their flowering 
responses to environmental conditions, although the critical temperatures and photoperiods vary from 
cultivar to cultivar. In most cultivars, flowering is inhibited by high temperatures of above 22°C, and 
cool temperatures (10–12°C) induce flowering independently of the photoperiod. At intermediate 
temperature range flowering is promoted by SDs (Heide 1977; Bradford et al., 2010). The relative 
importance of the flowering pathways (photoperiod vs. temperature) differs between cultivars; some 
cultivars respond exclusively to short photoperiod, with no flower induction taking place in LDs even 
at cool temperature (Sønsteby and Nes 1998; Sønsteby and Heide 2006; Verheul et al. 2007). In other 
cultivars, flowering occurs photoperiod-independently at temperatures as high as 18°C (Heide 1977; 
Bradford et al., 2010). 
 
1.1.3 Winter 
In addition to floral induction, autumnal environmental conditions bring about additional 
physiological changes in strawberries. An exposure to SDs and mild temperature for an extended 
period of 10 to 15 weeks has been shown to induce a state of semi-dormancy in both diploid (Sønsteby 
and Heide 2011) and octoploid strawberries (Darrow and Waldo 1943; Guttridge 1985; Sønsteby and 
Heide 2006). Semi-dormant plants have shorter petioles and smaller leaves than non-dormant plants 
and are slow to resume growth when returned to LDs (Jonkers 1965). For example, semi-dormant 
plants of cultivar Elsanta resumed regular growth vigor after approximately one month in LDs (Lieten 
1997). 
The most effective dormancy-breaking treatment is subjecting the plants to several weeks of 
chilling, i.e. temperatures between -2 and 6°C (Guttridge 1985). However, the chilling requirement 
is genotype-specific, and genotypes adapted to higher latitudes have longer periods of dormancy than 
genotypes adapted to more Southern conditions (Hancock 1999; Sønsteby and Heide 2011). The 
dormancy-inducing effect of SDs can also be averted by simultaneously subjecting the plants to low 
temperature at below 6°C that constantly counteracts the dormancy-inducing effect of SDs (Lieten 
1997; Sønsteby and Heide 2006; Sønsteby and Heide 2011). Dormant strawberries are not only slow 
to resume growth, but they also have lower pollen fertility, produce more misshapen fruits and lower 
yield than non-dormant strawberries (Lieten 1997). Therefore, dormancy release by chilling is an 
important aspect from the point of view of practical crop production, and the progressing global 
warming may cause problems in the future, especially for growers in areas of mild winters. 
 
1.1.4 Spring 
Environmental conditions that favor vegetative development also promote inflorescence outgrowth 
and floral development in spring. According to studies on wild diploid strawberry accessions carried 
out under controlled conditions, photoperiod in spring has no effect on the number of flowers; 
however, longer days speed up flower development and thus have a mild promoting effect on the 
timing of flowering (Heide and Sønsteby 2007). Also in the octoploid strawberry, LDs advance floral 
development in the spring (Sønsteby and Heide 2007a). 
 The effect of temperature on the rate of flower and fruit development has not been studied in the 
diploid strawberry. Experiments with several octoploid strawberry cultivars suggest that warm spring 
temperatures speed up both flower and fruit development resulting in earlier cropping. However, there 
is a negative relationship between temperature and total yield; with rising temperature, a smaller 
proportion of flowers produce fruit, and the average fruit size is also smaller (Le Mière et al. 1998; 
Manakasem and Goodwin 2001). 
 
1.2 Exceptional environmental responses in Fragaria 
Although the environmental responses described above hold true for most genotypes of diploid and 
octoploid strawberries, both species contain genotypes with exceptional responses. One of the best 
studied exceptional response is the everbearing character, which has been described in both species. 
Everbearing strawberries are capable of initiating flowers throughout summer, contrasting the 
seasonal flowering habit of the SD-induced strawberries. Moreover, everbearing strawberries tend to 
produce less runners than SD strawberries, and many diploid everbearing genotypes do not produce 
runners at all (Brown & Wareing 1965). 
 Flowering in the everbearing diploid strawberry genotypes is promoted by LDs. A study by Mouhu 
et al. (2009) demonstrated that flowering in the diploid cultivar ‘Hawaii-4’ occurs earlier under LDs 
than SDs at 18°C, and this difference becomes more clear at higher temperature of 22°C (Rantanen 
et al. 2014). Similar results were reported by Sønsteby and Heide (2008a), who showed also that LDs 
are almost obligatory for flower induction at 27°C in two reportedly non-runnering diploid strawberry 
cultivars. Interestingly, the same authors also noted sporadic runner formation in these two cultivars 
at high temperature.    
 Everbearing octoploid strawberry cultivars have often been classified either as everbearers or day-
neutrals, especially in the older literature. This distinction was based on the origin of the trait; 
everbearers originate from old cultivars with a LD flowering response, whereas the day-neutral trait 
is from a more recent introduction of F. virginiana ssp. glauca germplasm into the cultivated 
strawberry (Durner et al. 1984). More recently, it has been shown that both everbearing and day-
neutral octoploid strawberries are actually obligatory LD plants at high temperature (27°C), 
quantitative LD plants at intermediate temperatures and day-neutrals only at temperatures below 10°C 
(Nishiyama and Kanahama 2002; Sønsteby and Heide 2007a). It must be noted, however, that true 
day-neutrality has been described in a population of F. virginiana ssp. glauca from Utah which is 
considered the main source of the everbearing trait in modern-day everbearing cultivars (Sønsteby 
and Heide 2008b). Therefore, the origin of the photoperiodic response in modern everbearing 
cultivars is unknown. 
 Runnering is enhanced by high temperatures in both diploid and octoploid everbearing 
strawberries (Sønsteby and Heide 2007a; 2008a). The effect of photoperiod is more difficult to 
interpret, and there seem to be differences between cultivars; some studies have reported that LDs 
promote runner production in octoploid everbearing cultivars (Manakasem and Goodwin 2001; 
Bradford et al. 2010), whereas other workers have described SDs to strongly enhance runnering 
(Sønsteby and Heide 2007b). In a diploid everbearing strawberry accession Hawaii-4, SDs strongly 
promote runnering (K. Mouhu, S. Samad, E. Koskela and T. Hytönen, unpublished). In general, 
conditions that do not favor floral induction appear to enhance runner production. In contrast to runner 
production, everbearing genotypes tend to produce more branch crowns than SD strawberries, thus 
providing a greater number of crown apical meristems for inflorescence initiation. The higher number 
of branch crowns produced by everbearing genotypes results in higher yield potential (Camacaro et 
al. 2002), but on the other hand decreases the number of axillary buds that could develop into runners, 
which limits their utility for commercial production (Camacaro et al. 2002; Dale et al. 2002; Sønsteby 
and Heide 2007a; Bradford et al. 2010).   
 Another exceptional environmental response is the vernalisation requirement characterised in an 
arctic diploid strawberry accession from Northern Norway. This accession does not flower if exposed 
to SDs, even when the temperature is as low as 9°C (Heide and Sønsteby 2007). The same authors 
tested also whether this arctic ‘Alta’ accession could be induced to flower if exposed to 2°C for 5–15 
weeks. However, even after a 15 week exposure, only a proportion of the plants (38%) flowered. It is 
noteworthy that the ‘Alta’ accession does flower after overwintering in field conditions, albeit 
considerably later than the other tested Norwegian accessions (Heide and Sønsteby 2007). These data 
indicate that the ‘Alta’ accession requires a prolonged period at exceptionally cold conditions to fulfil 
the vernalisation requirement. Physiological and molecular characterisation of the accession is 
underway. 
 
1.3 Genetics of flowering 
Physiology of flowering is well-studied in strawberries, but the genetic basis of the physiological 
responses is much less clear. Genetic control of flowering has been most extensively studied in the 
annual model plant Arabidopsis, in which both endogenous and environmental pathways regulate 
flowering (Bouché et al. 2016). Although Arabidopsis and strawberry are distantly related, many 
genetic components that regulate flowering in Arabidopsis have also been identified in strawberry 
(Mouhu et al. 2009). It is therefore likely that similar genetic mechanisms could control at least some 
aspects of reproduction in the two species. 
1.3.1 Genetics of flowering in Arabidopsis 
Arabidopsis in an annual plant in which flowering is promoted by LDs and high temperature. The 
photoperiodic flowering response in Arabidopsis is controlled by a rhythmic expression output 
generated by the circadian clock and involving the action of dozens of genes (Bouché et al. 2016). 
The CCT domain transcription factor CONSTANS (CO) is one of the rhythmically regulated genes 
and it is required for the LD-induced flowering in Arabidopsis (Putterill et al. 1995; Sawa et al. 2007). 
At the protein level, CO stability is regulated by light; the protein is rapidly degraded in dark, and 
thus only CO expressed during the light period leads to accumulation of CO protein (Andrés and 
Coupland, 2012). 
 The circadian regulation of CO is active in leaf vascular tissues, whereas inflorescences are 
initiated at the shoot apical meristem. The mobile signal linking these tissues is FLOWERING 
LOCUS T (FT; Koornneef et al. 1991; Corbesier et al. 2007), which is a member of the CETS protein 
family (CEN, TFL1 and FT; Pnueli et al. 2001). FT expression is upregulated in LDs directly by CO 
(Tiwari et al. 2010), and the translated FT protein is actively exported from the phloem companion 
cells to sieve elements and transported to the shoot apex (Liu et al. 2012). 
 Members of the CETS protein family do not have DNA binding domains, but they do form 
complexes with other proteins (Yeung et al. 1999; Pnueli et al. 2001). In the shoot apical meristem, 
FT forms a complex with a bZIP transcription factor FD and 14–3–3 proteins (Pnueli et al. 2001; Abe 
et al. 2005; Wigge et al. 2005) to upregulate downstream target genes, including the MADS box 
transcription factor SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1; Samach et al. 
2000) and the meristem identity genes APETALA1 (AP1; Abe et al. 2005) and FRUITFUL (FUL; 
Teper-Bamnolker and Samach 2005). The expression of the meristem identity genes is considered a 
sign of irreversible commitment to flowering (Hempel et al. 1997). 
 In Arabidopsis, FT is involved also in the ambient temperature regulation of flowering. Changes 
in ambient temperature have an effect on chromatin conformation at the FT locus, with low 
temperature making the locus less accessible to transcription factors (Kumar and Wigge 2010). One 
of these transcription factors is PHYTOCHROME INTERACTING FACTOR4 (PIF4), a bHLH 
transcription factor that activates FT transcription and promotes flowering in SDs at high temperature 
(Kumar et al. 2012). 
 Another pathway that regulates flowering as a response to ambient temperature involves the 
MADS box transcription factors SHORT VEGATATIVE PHASE (SVP) and FLOWERING LOCUS 
M (FLM). The floral repressor SVP is degraded at high temperature (Lee et al. 2013). FLM can be 
spliced in alternative ways in a temperature-dependent manner; at low temperature, the prevailing 
splice form is the flowering-repressive FLM-. Higher temperatures cause an increase in the relative 
amount of the splice variant FLM-, which is impaired in DNA binding (Posé et al. 2013). FLM- 
and FLM- compete for forming heterodimers with SVP; at low temperature, the most abundant 
complex is SVP-FLM-, which actively prevents flowering. However, at high temperature the 
prevailing protein complex is SVP-FLM-, which cannot bind to DNA and thus cannot repress the 
expression of the target genes. The de-repressed target genes, including at least SOC1 and possibly 
FT, can therefore promote flowering as a response to high temperature (Lee et al. 2013; Posé et al. 
2013). 
 The shoot apex is a convergence point for both floral promoting and inhibitive factors. One of the 
factors with a repressing effect on flowering is TERMINAL FLOWER1 (TFL1; Shannon and Meeks-
Wagner 1991), which belongs to the same CETS protein family as FT (Kobayashi et al. 1999). 
Similarly to FT, also TFL1 is able to form complexes with FD and 14–3–3 proteins (Abe et al. 2005; 
Wigge et al. 2005; Hanano and Goto 2010; Ho and Weiger 2014). The floral promoting or inhibiting 
effect of FT or TFL1, respectively, is hypothesized to be caused by differential recruitment of 
coactivators, possibly TCP transcription factors (Ho and Weigel 2014). 
 The abovementioned pathways have been characterised in the annual plant Arabidopsis. However, 
the components of especially the photoperiodic pathway are fairly conserved across land plants. 
Homologs of CO and FT have been shown to regulate the photoperiodic responses in e.g. the short-
day monocot rice (Hayama et al. 2003), and FT homologs seem to have roles as universal floral 
promoters in e.g. cucurbits (Lin et al. 2007), barley (Yan et al. 2006) and many perennial species 
including poplar (Böhlenius et al. 2006) and apple (Tränkner et al. 2010). There is also some evidence 
for FT playing a part in ambient temperature responses in e.g. chrysanthemums (Nakano et al. 2013) 
and Satsuma mandarin (Nishikawa et al. 2007), as in these species the ambient temperature-induced 
flowering correlates with increased transcription of FT-like genes. 
1.3.2 Genetics of flowering in the diploid F. vesca 
The molecular control of flowering in the diploid strawberry was truly begun to be deciphered after 
the publication of the F. vesca genome in 2011 (Shulaev et al. 2011). In 2012, two groups 
independently utilized genetic mapping to show that the switch from a seasonal flowering phenotype 
to an everbearer is brought about by a small deletion in a gene encoding the strawberry orthologue of 
TFL1 (FvTFL1; Iwata et al. 2012; Koskela et al. 2012). TFL1 homologs repress flowering in many 
plants, including the Rosaceae family crop species rose (Iwata et al. 2012), apple (Kotoda et al. 2006) 
and pear (Freiman et al. 2012). 
 Also in strawberry, FvTFL1 functions as a floral repressor, whose downregulation is required for 
floral induction (Koskela et al. 2012). FvTFL1 expression responds to both photoperiod and 
temperature; cool temperature downregulates the gene, high temperature causes an increase in its 
transcript level, and at intermediate temperatures, LDs upregulate and SDs silence FvTFL1 (Figure 
1.3.2.1; Koskela et al. 2012; Rantanen et al. 2015). In the seasonal flowering F. vesca background, 
the decrease in FvTFL1 mRNA level concurs with upregulation of the meristem identity genes, F. 
vesca AP1 (FvAP1) and FUL (FvFUL), and results in flowering (Mouhu et al. 2009; Koskela et al. 
2012; Rantanen et al. 2015). 
 FvTFL1 is regulated by the photoperiodic pathway through the action of F. vesca FT1 (FvFT1) 
and SOC1 (FvSOC1). Both genes are upregulated by LDs, and functional evidence from transgenic 
plants indicate that FvFT1 acts at least partially through upregulation of FvSOC1 (Mouhu et al. 2013). 
Overexpression of FvSOC1 in seasonal flowering F. vesca background leads to upregulation of 
FvTFL1, resulting in repression of flowering, whereas the RNAi silencing of FvSOC1 leads to 
continuous flowering in LDs. Thus, activation of the photoperiodic FvFT1–FvSOC1 pathway 
represses flowering in seasonal flowering F. vesca accessions in LDs by upregulation of the floral 
repressor FvTFL1 (Koskela et al. 2012; Mouhu et al. 2013). Under SDs, however, FvFT1 is rapidly 
downregulated (Rantanen et al. 2014; Rantanen et al. 2015), whereas the downregulation of FvTFL1 
and flower induction occur much slower (Heide and Sønsteby 2007; Koskela et al. 2012). Therefore, 
additional unknown factors are likely needed to to downregulate FvTFL1 in SDs. 
 Interestingly, altering FvTFL1 expression level in the seasonal flowering F. vesca background did 
not change patterns of vegetative development, i.e. runner and branch crown formation (Koskela et 
al. 2012). These results seem to be at odds with physiological studies, which have indicated that 
flowering and runner formation are almost mutually exclusive processes (reviewed in e.g. Hytönen 
and Elomaa 2011). However, this can be explained by the observations by Mouhu et al. (2013), who 
showed that overexpressing the photoperiodic pathway gene FvSOC1 results in increased runner 
production whereas silencing the gene promotes axillary bud development into branch crowns. The 
changes in FvSOC1 expression also alter the expression of many gibberellin (GA) biosynthetic and 
signaling pathway genes, and GA is needed for the differentiation of axillary buds to runners (Hytönen 
et al. 2009; Mouhu et al. 2013). Thus, FvSOC1 and FvTFL1 are components of the photoperiodic 
pathway, in which FvTFL1 controls the onset of flowering and FvSOC1 regulates both flowering via 
FvTFL1 and aspects of vegetative development via the GA pathway. 
 Early physiological studies have suggested that inhibition of flowering and promotion of 
vegetative vigor in LD-grown strawberries could be caused by a hormone that is produced in leaves 
and transported to the shoot apex (Thompson and Guttridge 1959). The same workers also 
demonstrated that the effect of LDs could be mimicked by GA application (Thompson and Guttridge 
1959; Guttridge and Thompson 1964). As the upregulation of FvSOC1 leads to upregulation of the 
GA pathway, and FvSOC1 is upregulated by FvFT1 (Mouhu et al. 2013), it can be speculated that the 
LD-induced mobile “hormone” could be FvFT1. The FvFT1 protein is likely produced in leaf 
vascular tissue and transported to the shoot apex, where it activates FvSOC1 and results in increased 
vegetative vigor. In seasonal flowering strawberries, the floral-promoting effect of FvFT1 is 




Figure 1.3.2.1. Diagram of environmentally regulated flowering pathways in woodland strawberry. The upper row depicts genetic 
pathways that are active (in black) or inactive (in gray) in LD conditions at cool, intermediate or warm temperature. The lower row 
depicts the activity of the pathways under SD conditions. Temperature regulates the expression of FvTFL1 and the meristem identity 
genes FvAP1 and FvFUL1 through unidentified genetic factors marked by 'X' in the diagram. 
 
In everbearing accessions with mutated FvTFL1, the photoperiodic FvFT1–FvSOC1 pathway is 
activated in LDs similarly to SD F. vesca accessions. However, the outcome of the pathway is 
reversed, as the mutation at FvTFL1 causes a frameshift and renders the protein product non-
functional (Koskela et al. 2012). In everbearing accessions, the LD-dependent upregulation of the 
putative mobile floral promoter FvFT1 leads to upregulation of the meristem identity genes FvAP1 
and FvFUL1 and causes early flowering (Koskela et al. 2012; Rantanen et al. 2014). A similar genetic 
basis for continuous flowering has been described in rose (Rosa × wichuriana), in which a 
retrotransposon insertion blocks TFL1 transcription (Iwata et al. 2012). 
  The temperature-regulated pathway in strawberry is not as well characterised as the photoperiodic 
pathway. However, functional data strongly suggests that FvTFL1 regulation has a central role in 
temperature-mediated responses. As described earlier, FvTFL1 expression responds to changes in 
temperature, with higher temperatures increasing the transcript level of the gene, whereas FvFT1 
mRNA expression is reduced at high temperatures. Moreover, the upregulation of FvTFL1 by high 
temperature is independent of the activity of the photoperiodic FvFT1–FvSOC1 pathway, as high 
temperature upregulates FvTFL1 also in plants with silenced FvSOC1 (Rantanen et al. 2015). The 
factor that activates FvTFL1 at high temperature remains unknown, but is a topic of active ongoing 
research. Thus, the ambient temperature regulated pathway in strawberries appears to be very 
different from the pathway described in Arabidopsis, in which the temperature regulation of FT 
controls flowering time (Bouché et al. 2016). 
 How exactly FvTFL1 represses flowering in the diploid strawberry has not been directly studied, 
but results from other species provide strong cues as to its mode of action. As discussed earlier, it has 
been demonstrated that Arabidopsis FT and TFL1 can compete for binding to the bZIP transcription 
factor FD expressed in the shoot apical meristem (Abe et al. 2005; Wigge et al. 2005). Studies in 
several distantly related plant species, including tomato (Pnueli et al. 2001) and rose (Randoux et al. 
2014) have indicated that the same competitive mechanism is active in a wide range of plant species. 
Therefore, it is likely that the same dynamic balance of FT and TFL1 controls the downstream 
responses also in strawberry. 
 In addition to strawberries, TFL1 maintains the vegetative status of the meristems also in several 
other Rosaceous species, including apple (Flachowsky et al. 2012), pear (Freiman et al. 2012) and 
rose (Iwata et al. 2012). However, divergent spatial and temporal expression patterns of TFL1 
homologs can bring about different phenological outcomes. For example, apple TFL1 (MdTFL1-2; 
Mimida et al. 2009) was recently described as having a role in limiting fruit set in apple trees with 
heavy fruit loads. In the study of Haberman et al. (2016), it was shown that variations in MdTFL1-2 
expression level correlated with the amplitude of alternate bearing of different apple cultivars, and 
was related to different fruit loads on a tree. Since TFL1 seems to be a general floral repressor in 
Rosaceae, it is a target of active ongoing research. Studies in a Rosaceae model F. vesca are paving 
the way for molecular understanding of its regulation. 
 As discussed in Chapter 1.1.3, dormancy and dormancy release by chilling are important 
physiological events that have large effects on the next year’s yield potential in strawberries. The 
molecular basis for these physiological responses have not been studied in detail in strawberries, but 
results from other Rosaceous species suggest that a group of DORMANCY-ASSOCIATED MADS 
(DAM; Bielenberg et al. 2008) transcription factors may contribute to the cessation and inhibition of 
growth in dormant perennial trees (Bielenberg et al. 2008; Saito et al. 2013). In peach, the loss of a 
cluster of six DAM genes abolishes the response to dormancy-inducing conditions (Bielenberg et al. 
2008), and the expression patterns of three of these genes in peach buds support a role in growth 
cessation and onset of dormancy (Li et al. 2009). A similar trend in the seasonal expression patterns 
of DAM genes have been described also in Japanese pear; the expression of DAM genes increases 
during autumn and reaches the maximum level at the time of the deepest dormancy in November, 
after which DAM expression is gradually reduced (Saito et al. 2013). Other studies have indicated 
that DAM expression is likely regulated by CBF transcription factors, miRNAs, and epigenetic 
mechanisms (Leida et al. 2012; Niu et al. 2015; Saito et al. 2015). The onset of dormancy could be 
very well regulated by DAM transcription factors in strawberries as well; DAM expression level 
increases gradually as a response to SDs and cool temperature, after which there is a sudden drop in 
DAM mRNA (Figure 1.3.2.2). 
 
   
 
Figure 1.3.2.2. Accumulation of FvDAM mRNA as a response to 4C under natural SD conditions. Plants of the Norwegian 
vernalisation-requiring accession ‘Alta’ were grown in the mentioned conditions and shoot apex samples were collected at 0, 5, 10 
and 15 weeks. Error bars denote standard deviation between biological replicates (n =3). 
 
Given the vast distribution of F. vesca around the Northern Hemisphere, it is to be expected that the 
species contains a range of different environmental responses. Indeed, accessions collected from 
Southern Europe are able to upregulate FvFT1 at shorter photoperiods than more Northern accessions, 
and they have shorter critical photoperiod for flower induction (S. Kymäläiinen, T. Toivainen and T. 
Hytönen, unpublished). Whether FvTFL1 or other flowering-time genes are differentially regulated 
in accessions of different latitudinal origins awaits further inspection. 
1.3.3 Genetics of flowering in the octoploid strawberry 
Recent studies in the octoploid strawberry have taken advantage of the genetic data gained from the 
work with the diploid strawberry. As described above, FvFT1 and FvSOC1 are involved in the 
regulation of LD-dependent photoperiodic flowering in the diploid strawberry. Several independent 
reports (Nakajima et al. 2014; Nakano et al. 2015; Koskela et al. 2016) have shown that the octoploid 
strawberry homologue of FT1 (FaFT1) is expressed in leaf tissue exclusively in LD conditions. 
Moreover, the diurnal expression pattern of FaFT1 is similar to that of FvFT1 (Koskela et al. 2016), 
rendering support for the view that the two genes have the same LD-dependent function in the two 
species. The octoploid strawberry homolog of SOC1 (FaSOC1) mostly shows similar expression 
patterns to FvSOC1, although cultivar-dependent differences have also been reported; whereas 
Koskela et al. (2016) consistently found high levels of FaSOC1 expression only in LDs in the five 
studied cultivars, Nakano et al. (2015) were not able to detect such clear-cut differences between 
photoperiodic treatments in the Japanese cultivar Nyoho. Therefore, strawberry cultivars may have 
differences in the photoperiodic regulation of FaSOC1 expression, but further experiments are needed 
to examine how these differences correlate with flowering time.    
 As FvTFL1 is a major regulator of flowering responses in the diploid strawberry, it has been of 
great interest to elucidate whether the octoploid strawberry homolog (FaTFL1) has a similar function 
as a floral repressor. In the diploid strawberry, FvTFL1 is photoperiodically regulated by the FvFT1–
FvSOC1 pathway, with LDs activating the pathway and leading to repression of flowering through 
the upregulation of FvTFL1 (Koskela et al. 2012; Mouhu et al. 2013; Rantanen et al. 2014). At the 
gene expression level, similar responses to environmental conditions have been reported in several 
octoploid strawberry cultivars; FaTFL1 is activated in LDs and also by high temperature (Koskela et 
al. 2016). However, there are cultivar-dependent differences in FaTFL1 regulation, as some cultivars 
show age-dependent FaTFL1 downregulations independently of the photoperiod (Nakano et al. 2015; 
Koskela et al. 2016). 
 It was recently reported that FaTFL1 is indeed a floral repressor also in the octoploid strawberry, 
as silencing the gene in the SD cultivar Elsanta leads to flowering under LD conditions (Koskela et 
al. 2016). In line with the function of FvTFL1 in the diploid strawberry (Koskela et al. 2012), 
silencing FaTFL1 did not have any effect on vegetative development, nor did it change FaSOC1 
expression (Koskela et al. 2016).  Thus, regulation of flowering in diploid and octoploid strawberries 
appears to be conserved at the molecular level, at least in the case of the photoperiodic and 
temperature-regulated flowering pathways. 
 Although all the available data indicates that FaTFL1 is an important regulator of flowering in the 
octoploid strawberry, it is not the gene behind the everbearing character in cultivars. Several QTL 
mapping studies have shown that the everbearing trait resides in octoploid strawberry LGIV and also 
has a negative effect on runner formation (Gaston et al. 2013; Castro et al. 2015; Honjo et al. 2016), 
whereas FaTFL1 is located on LGVI and does not directly affect vegetative development (Koskela 
et al. 2016). A recent report by Perrotte et al. (2016a) suggested that the octoploid strawberry homolog 
of FT2 (FaFT2) is located within the QTL mapping window and could be a candidate for the observed 
phenotypes in everbearing octoploid strawberries. Indeed, the FaFT2 protein has been shown to 
possess all the hallmark features required for a floral-promoting function (Nakano et al. 2015). 
However, FaFT2 expression pattern suggests that FaFT2 acts downstream of FaAP1, and has a role 
in late stages of floral development (Nakano et al. 2015). This is also supported by the finding that 
its F. vesca ortholog FvFT2 exhibits the highest expression level in flower buds (Koskela et al. 2012). 
The identity of the gene causing the everbearing trait in the octoploid strawberry thus still remains a 
mystery. In any case, considering the data presented above, the gene must either silence FaTFL1 or 
act downstream of it.  
 Experiments using octoploid strawberry have also revealed a locus that affects flowering trait not 
characterized in the diploid strawberry. Longitudinal analysis of flowering data of everbearing 
strawberries has shown that there is a QTL on LGIII that affects the number of successive flowering 
phases and the intensity of flowering (Perrotte et al. 2016b). This QTL also has an effect on branch 
crown formation, and the authors suggested that genes related to the GA pathway might present good 
candidate genes for the QTL (Perrotte et al. 2016b). Since the number of branch crowns affects the 
number of inflorescences in strawberry (Hytönen et al. 2004), further studies are needed to test if the 
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Figure captions 
Figure 1.1.1. Plant structure and typical seasonal growth cycle of strawberries grown in temperate 
zone. During the summer months, strawberries grow vegetatively and axillary buds produce runners, 
whereas in autumn, young axillary buds differentiate into branch crowns. Floral induction occurs in 
autumn, and apical meristems of main and branch crowns develop into inflorescence meristems. 
Inflorescence development is completed in the following spring and summer when plants flower and 
produce fruits. The axillary buds that were too young to be induced to flower the preceding autumn 
(highlighted with black rectangles) grow out as new branch crowns,  thus completing the perennial 
life cycle. 
 
Figure 1.1.1.1. Average cumulative number of runners at different temperatures. Runner-propagated 
plants of seasonal flowering F. vesca were grown in LDs at either 11C or 18C for five weeks. 
Error bars denote the standard error of the mean (n =16 and 10 for 11C and 18C treatments, 
respectively). 
 
Figure 1.3.2.1. Diagram of environmentally regulated flowering pathways in woodland strawberry. 
The upper row depicts genetic pathways that are active (in black) or inactive (in gray) in LD 
conditions at cool, intermediate or warm temperature. The lower row depicts the activity of the 
pathways under SD conditions. Temperature regulates the expression of FvTFL1 and the meristem 
identity genes FvAP1 and FvFUL1 through unidentified genetic factors marked by 'X' in the 
diagram. 
 
Figure 1.3.2.2. Accumulation of FvDAM mRNA as a response to 4C under natural SD conditions. 
Plants of the Norwegian vernalisation-requiring accession ‘Alta’ were grown in the mentioned 
conditions and shoot apex samples were collected at 0, 5, 10 and 15 weeks. Error bars denote 
standard deviation between biological replicates (n =3). 
 
